is an enzyme involved in the production of uric acid (UA) from purine nucleotides. Numerous recent studies have revealed the likelihood of metabolic syndrome including nonalcoholic fatty liver disease (NAFLD) or steatohepatitis (NASH) to be related to hyperuricemia. However, it remains unclear whether elevated serum UA during the development of NAFLD or NASH is a cause or a consequence of these diseases. In this study, the XO inhibitor febuxostat was administered to two types of NASH model mice. Febuxostat exerted a strong protective effect against NASH development induced by a high-fat diet containing trans fatty acid (HFDT). In contrast, methionine choline-deficient-diet-induced NASH development not accompanied by hyperuricemia showed no UA normalization, suggesting that the ameliorating effect of febuxostat occurs via the normalization of hyperuricemia itself and/or accompanying molecular mechanism(s) such as oxidative stress. In the HFDT-fed mice, hyperuricemia, elevated alanine aminotransferase, and increased Tunnelpositive cells in the liver were normalized by febuxostat administration. In addition, upregulation of fatty acid oxidation-related genes, fibrotic change, and increases in collagen deposition, inflammatory cytokine expressions, and lipid peroxidation in the HFDT-fed mice were also normalized by febuxostat administration. Taken together, these observations indicate that administration of febuxostat has a protective effect against HFDT-induced NASH development, suggesting the importance of XO in its pathogenesis. Thus XO inhibitors are potentially potent therapies for patients with NASH, particularly that associated with hyperuricemia. uric acid; nonalcoholic steatohepatitis; xanthine oxidase inhibitor; hyperuricemia; febuxostat ELEVATED SERUM CONCENTRATIONS of uric acid (UA), the end product of purine nucleotide degradation, are reportedly associated with the development of cardiovascular and kidney diseases, hypertension, and obesity (5, 9, 17, 18, 26) . Although the causative link between hyperuricemia and disease is clearest for gout, many clinical studies have revealed that the prevalence of metabolic syndrome is closely related to graded increases in hyperuricemia, strongly suggesting serum UA levels to be a predictor of metabolic syndrome, including impaired glucose and lipid metabolism (2, 8, 11, 23, 24) . Although the endogenous production of UA is mainly from the liver, intestines, and other tissues like muscles, kidneys, and the vascular endothelium, UA is also secreted from adipose tissue, which is reportedly increased in obese subjects (24), supporting the view of UA elevation as a consequence of obesity. On the other hand, UA reportedly reduces nitric oxide (NO) bioavailability and thereby impairs endothelial function (10). Furthermore, several reports have demonstrated favorable effects of xanthine oxidase (XO) inhibitors on the disorders characteristic of metabolic syndrome. For example, administration of allopurinol or febuxostat reportedly prevented fructose-induced hyperinsulinemia, hypertension, and weight gain in rats (19), diabetic renal injury in streptozotocin-treated rats (14), and atherosclerosis development in apolipoprotein E knockout mice (12).
ELEVATED SERUM CONCENTRATIONS of uric acid (UA), the end product of purine nucleotide degradation, are reportedly associated with the development of cardiovascular and kidney diseases, hypertension, and obesity (5, 9, 17, 18, 26) . Although the causative link between hyperuricemia and disease is clearest for gout, many clinical studies have revealed that the prevalence of metabolic syndrome is closely related to graded increases in hyperuricemia, strongly suggesting serum UA levels to be a predictor of metabolic syndrome, including impaired glucose and lipid metabolism (2, 8, 11, 23, 24) . Although the endogenous production of UA is mainly from the liver, intestines, and other tissues like muscles, kidneys, and the vascular endothelium, UA is also secreted from adipose tissue, which is reportedly increased in obese subjects (24) , supporting the view of UA elevation as a consequence of obesity. On the other hand, UA reportedly reduces nitric oxide (NO) bioavailability and thereby impairs endothelial function (10) . Furthermore, several reports have demonstrated favorable effects of xanthine oxidase (XO) inhibitors on the disorders characteristic of metabolic syndrome. For example, administration of allopurinol or febuxostat reportedly prevented fructose-induced hyperinsulinemia, hypertension, and weight gain in rats (19) , diabetic renal injury in streptozotocin-treated rats (14) , and atherosclerosis development in apolipoprotein E knockout mice (12) .
The relationships of elevated serum UA with nonalcoholic fatty liver disease (NAFLD) and steatohepatitis (NASH) have also been demonstrated in several clinical studies (21, 22) , but the details of these relationships remain unclear. Serum UA elevation and NASH development may not have a causal relationship, with both instead being consequences of metabolic syndrome. On the other hand, it is also possible that hyperuricemia itself and/or a molecular mechanism(s) associated with it, such as oxidative stress, plays important roles in promoting and/or exacerbating the development of NAFLD, independently of obesity or insulin resistance. If this is the case, therapy aimed at normalization of the serum UA level could be useful for treating NASH, even if the degree of obesity or metabolic factors other than UA show no improvement.
To address this question, we herein examined the effects of an XO inhibitor, febuxostat, on two types of NASH rodent models, with and without elevated serum UA concentrations. We obtained evidence that treatment with this XO inhibitor exerted a strong protective effect against the development of NASH with hyperuricemia induced by a high-fat diet containing trans fatty acid (HFDT), but not on that caused by a methionine choline-deficient (MCD) diet without hyperuricemia. These results suggest the importance of XO in the pathogenesis of NASH development and also raise the possibility of XO inhibitors having therapeutic potential for patients with NASH accompanied by hyperuricemia.
MATERIALS AND METHODS
Animals, diets, and febuxostat treatment. C57BL/6 mice were purchased from SLC (Hamamatsu, Japan). They were housed in temperature-and light-controlled rooms with free access to food and water. After a 1-wk acclimatization period, the mice were fed normal chow diet (ND) (Oriental Yeast, Tokyo, Japan) or a diet comprised of high fat (40% kcal), high fructose (22% by weight), and high cholesterol (2% by weight), with trans fats serving as the fat source (Primex partially hydrogenated vegetable oil shortening, cat. no. D09100301; Research Diet, New Brunswick, NJ). The HFDT has been deemed to be superior at inducing NASH. Febuxostat (1 mg/kg per day) (Teijin, Japan) was given to the mice by mixing it into their drinking water. After 8 wk, the mice were killed, and their livers and blood were collected. In the other experiment, the mice were randomly divided into two experimental groups and fed the ND (Oriental Yeast) or the MCD diet (Oriental Yeast), with or without febuxostat administration (1 mg/kg per day), for 8 wk. All animals were handled in accordance with the Guidelines for the Care and Use of Experimental Animals published by Hiroshima University, and all protocols were approved by Hiroshima University.
Measurement of serum parameters. Serum was collected after a 10-min centrifugation at 8,000 revolution/min. Alanine transaminase (ALT) and UA were assayed with a Transaminase C-II Test Wako Kit (Wako, Osaka, Japan) and a UA assay kit (Cayman Chemical, Ann Arbor, MI), respectively, according to the manufacturers' instructions. Homeostasis model of assessment of insulin resistance (HOMA-IR) was calculated as (fasting serum glucose ϫ fasting serum insulin concentration)/405.
Measurement of XO activity. Hepatic XO activity was measured using an XO activity assay kit, according to the manufacturer's instructions (Sigma, St. Louis, MO).
Fluorescence-activated cell sorting analysis. Livers were homogenized immediately after death of the mice. Liver lysates were washed with RPMI medium four times, and debris was removed through a cell strainer. The cells were stained with brilliant violet-CD3, allophycocyanin-CD45, phenylephrine-F4/80, and 7-aminoactinomycin D (7-AAD) for 30 min and then analyzed with Fortessa (BD Biosciences, San Jose, CA). Macrophages were gated by side scatter and forward scatter (SSC/FSC), 7-AAD(-), and CD45ϩ/F4/80ϩ, and T cells were gated by SSC/FSC, 7-AAD(-), and CD45ϩ/CD3ϩ. Cell populations are presented as the ratios to total recorded cells.
Hydroxyproline measurement in mouse livers. Hydroxyproline contents in the livers of mice were measured using a hydroxyproline colorimetric assay kit (BioVision, Mountain View, CA). Briefly, tissue samples were hydrolyzed with HCl at 120°C. Samples were reacted with perchloric acid and dimethylaminobenzaldehyde to produce a chromogen with an absorbance maximum at 560 nm.
Western blotting. Livers were homogenized in lysis buffer containing 50 mM Tri·HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM PMSF, 1 mM orthovanadate, and protease inhibitor cocktail. The lysates were then centrifuged at 15,000 revolution/min for 30 min. After quantitative protein determination, supernatants were mixed with the same volume of 2ϫ sample buffer. Equal amounts of proteins extracted from livers were electrophoresed on SDS-PAGE gel and then transferred to PVDF membranes. After being blocked with 3% bovine serum albumin in phosphate-buffered saline with Tween (PBST) for 1 h, the membranes were reacted with the anti-XO (1:1,000), anti-collagen-1 (1:2,000), or anti-tubulin (1:2,000) antibody for 1 h at room temperature. The membranes were subsequently reacted with horseradish peroxidase-conjugated secondary antibodies for 1 h. The membranes were then washed with PBST three times and reacted with Supersignal West Pico Substrate (Thermo Scientific, Yokohama, Japan) and exposed to X-ray film. Band density was quantified by ChemiDoc XRSϩ (Bio-Rad, Tokyo, Japan).
Quantitative real-time RT-PCR. Total RNA was extracted from mouse livers using Sepasol reagent (Nakalai Tesche, Kyoto, Japan), according to the manufacturer's instructions. First-strand cDNAs were synthesized using a verso cDNA synthesis kit with both a random primer and reverse transcriptase enhancer, which degrades doublestranded DNA. Quantitative real-time PCR was performed using SYBR Green PCR master mix (Invitrogen, Tokyo, Japan) on a CFX96 real-time PCR system (Bio-Rad). Relative mRNA gene levels were normalized to the GAPDH mRNA level, and relative expressions were determined by the comparative Ct method. The designed primers are shown in Table 1 .
Histochemical studies. Livers were fixed with 10% formaldehyde, then dehydrated through an ethanol and xylene series, and finally embedded in paraffin. Paraffin-embedded sections were deparaffinized in xylene and rehydrated. Sections were incubated in 0.1% Triton for 5 min and then heated in citrate buffer with a microwave or treated with protein kinase K (Pro K) for antigen activation. After being washed with PBS three times, sections were incubated with first antibodies [anti-4-hydroxynonenal (4-HNE), 1:100 (Japan Institute for the Control of Aging, Fukuroi, Japan); T anti-smooth muscle actin (SMA), 1:100 (Abcam, Cambridge, MA); anti-active caspase-3, 1:100 (Cell Signaling, Beverly, MA)] overnight at 4°C. For active caspase-3 staining, the slides were reacted with fluorescein isothiocyanateconjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h. To visualize SMA and 4-HNE, the slides were stained by the diaminobenzidine method. Digital images of lesions were obtained with a multifocal microscope (BZ-9000; KEYENCE, Osaka, Japan).
TUNEL staining was performed, using the DeadEnd Fluorometric TUNEL System (Promega, Madison, WI). Briefly, deparaffinized sections were treated with Pro K. After being washed, the sections were reacted with terminal deoxynucleotidyl transferase and fluorescein-12-dUTP. After being washed, the slides were mounted employing DAPI.
Thiobarbituric acid reactive substances assay. Thiobarbituric acid reactive substances (TBARS) measurement was performed using a TBARS assay kit (Cayman Chemical), according to the manufacturer's instructions. Briefly, malondialdehyde (MDA) in lysates was reacted with thiobarbituric acid at 100°C to produce the MDA-TBA adduct, and the concentration produced was measured at 535 nm.
Statistical analysis. Results are expressed as means Ϯ SE. Statistical significance was assessed using ANOVA followed by Tukey's honestly significant difference test. Variables not normally distributed were log transformed before the analysis. P Ͻ 0.05 was taken to indicate a statistically significant difference.
RESULTS
Febuxostat reduced the elevated serum UA concentration and increased liver weight induced by HFDT feeding. Mice were divided into four groups based on the combinations of HFDT and ND with or without febuxostat in the drinking water. After the 8-wk treatment, body and liver weights were greater in the HFDT-fed mice than in the ND-fed mice (Fig.  1A) . Febuxostat administration slightly but significantly reduced liver weight without affecting whole-body weights. Whereas febuxostat administration did not alter blood glucose concentrations or HOMA-IR scores (Fig. 1B) , serum UA concentrations and hepatic XO activity raised by HFDT feeding were completely normalized by febuxostat (Fig. 1,  C and D) , with no change in the amount of hepatic XO protein (Fig. 1E) . Serum ALT levels were markedly elevated by HFDT feeding for 8 wk, but the degree of these increases was significantly suppressed by febuxostat administration (Fig. 1F) .
Hepatosteatosis induced by HFDT was reversed by febuxostat administration. Hematoxylin-eosin staining showed that the livers of mice fed HFDT developed marked macrovesicular steatosis ( Fig. 2A) . In contrast, the mice fed HFDT with febuxostat showed much less hepatic fat accumulation than HFDT-fed mice not given febuxostat (Fig. 2, A and B) . To reveal the molecular mechanism underlying febuxostat-induced suppression of hepatosteatosis, the mRNA levels of the genes regulating lipid metabolism were investigated. Febuxostat had no significant effect on mRNA levels of acetyl-CoA carboxylase and fatty acid synthase, which are both involved in lipid synthesis (Fig. 2C) . Neither the peroxisome proliferator-activated receptor-␣ nor the CYP4A10 mRNA level was affected by the difference in diets or by febuxostat administration (Fig. 2D) . On the other hand, although the expressions of fatty acid oxidation-related genes such as acyl coenzyme A oxidase (ACOX) and CYP4A14 were reduced by HFDT feeding, febuxostat normalized these reductions (Fig. 2E) .
Febuxostat inhibits liver fibrosis attributable to HFDT feeding. To elucidate the impact of febuxostat on liver fibrosis caused by HFDT feeding, collagen deposition in the liver was estimated by Sirius red staining. The mice fed HFDT showed marked liver fibrosis, whereas almost no collagen deposition was observed in the livers of HFDT-fed mice administered febuxostat (Fig. 3, A and B) . Hydroxyproline accumulation in the liver was also caused by HFDT feeding, and febuxostat suppressed this effect (Fig. 3C) . Consistent with the results of Azan staining, whereas a marked increase was observed in HFDT-fed mice, mRNA expressions of collagen-1a1/1a2 in the febuxostat-treated mice were not increased by HFDT feeding and were significantly lower than those in the untreated mice fed HFDT (Fig. 3D) . In addition, hepatic collagen proteins were upregulated by HFDT, and febuxostat administration reduced the resulting accumulation of collagen (Fig. 3E) .
Because activation of hepatic stellate cells reportedly plays a critical role in the development of hepatic fibrosis, immunofluorescence staining was carried out using anti-SMA antibody, as a marker of stellate cell activation. Numerous SMApositive cells were observed in the livers of HFDT-fed mice, and this finding was normalized by febuxostat administration (Fig. 4A) . These immunochemical staining data were supported by the analysis of mRNA expressions of SMA and tissue inhibitors of metalloproteinases (TIMPs) (Fig. 4B) .
Febuxostat attenuates oxidative stress and inflammatory cytokine releases. Oxidative stress and inflammatory cytokines are reportedly involved in the activation of hepatic stellate cells. Thus the accumulation of 4-HNE as a marker of oxidative stress was examined (Fig. 5A) . Although the amount of 4-HNE was markedly increased in the livers of HFDT-fed mice, febuxostat administration was found to suppress the accumulation of 4-HNE (Fig. 5A) . In addition, the amount of MDA, a product of lipid peroxidation, was also elevated by HFDT feeding but was completely normalized by febuxostat administration (Fig. 5B) .
We also investigated the expressions of cytokines such as monocyte chemoattractant protein 1 (MCP-1), IL-1␤, IL-6, and IL-12. In our NASH model, MCP-1 expressions were markedly elevated by HFDT, but the expressions of IL-1␤, IL-6, and IL-12 were unchanged or only slightly elevated. In contrast, febuxostat administration markedly reduced the expressions of MCP-1 and IL-6, while only tending to reduce the expressions of IL-1␤ and IL-12 without statistical significance (Fig. 5C ). The populations of immune cells were not affected by either HFDT or febuxostat (Fig. 5D) .
Febuxostat reduced cell apoptosis induced by HFDT feeding. Finally, the effect of febuxostat on the apoptosis of hepatocytes was investigated. HFDT feeding markedly increased the number of cells positive for TUNEL staining, and this was almost completely reversed by febuxostat administration (Fig. 6, A and B) . In addition, active caspase-3-positive cells were significantly increased in the livers of HFDT-fed mice, a finding that was normalized by the administration of febuxostat (Fig. 6, C and D) .
Febuxostat had no effect on the NASH development induced by MCD diet feeding. Although mice fed the MCD diet had slightly but not significantly elevated serum UA concentrations compared with those fed the ND, febuxostat administration did not affect the serum UA concentration in the MCD diet-fed mice (Fig. 7A) . In addition, febuxostat did not normalize the serum ALT elevation caused by MCD diet feeding (Fig. 7B) . Hematoxylin-eosin staining revealed marked increases in fat droplets, increased inflammatory cell infiltration, and balloonlike structures in the livers of the MCD diet-fed mice, and febuxostat intervention did not improve these abnormalities (Fig. 7C) . In addition, the results of Sirius red staining indicated that febuxostat had no effect on collagen deposition induced by the MCD diet (Fig. 7C) . Similarly, febuxostat administration showed no significant normalizing effects on the elevations of collagen-1a1, collagen-1a2, TIMP1, and TIMP2 mRNA caused by MCD diet feeding (Fig. 7D) . Taken together, these results allow us to conclude that febuxostat does not improve MCD diet-induced NASH that is not accompanied by hyperuricemia.
DISCUSSION
NASH is highly related to metabolic syndrome and obesity, and its incidence has been increasing in many, particularly advanced, nations. However, there are currently no treatment options specifically for NASH, and this disease is usually managed with lifestyle changes such as diet, exercise, and weight reduction. Although several recent lines of evidence have demonstrated a relationship between hyperuricemia and NASH (21, 22) , the present study showed clearly that febuxostat exerts a strong protective effect against NASH development induced by HFDT feeding, based on our observations of the inductions of fibrosis genes, steatohepatitis, and inflammatory cytokine expressions. On the other hand, interestingly, febuxostat had no protective effect against the development of MCD diet-induced NASH that is not accompanied by hyperuricemia.
Regarding the pathogenesis of NASH, the "two-hit theory" has been proposed as a mechanism underlying the development of NASH (15) . The first hit involves simple steatosis, whereas the second hit, factors such as oxidative stress and inflammatory cytokines, exacerbates NASH once it has developed. These two hits are both present in the NASH rodent models created by HFDT and MCD diet feeding, with phenotypic features such as obesity, insulin resistance, glucose intolerance, and hyperuricemia all being present in the HFDT-but not the MCD diet-induced NASH models. Whereas febuxostat did not affect body weight gain, insulin resistance, or glucose intolerance induced by HFDT feeding, serum UA elevation, observed in the HFDT-but not the MCD diet-fed mice, was completely normalized. With the aforementioned issues in consideration, it may be reasonable to speculate that febuxostat protects against HFDT-induced NASH development via normalization of the elevated UA concentration itself and/or accompanying molecular mechanism(s). Recent reports have shown increased XO activity in HFDT-fed mice and genetically obese mice (24, 25) . In good agreement with these reports, XO activity in the livers of HFDT-fed mice was shown to be increased (Fig. 1D) . Unexpectedly, XO activity was revealed to also be upregulated in the MCD diet-fed mice (MCD, 197 Ϯ 15 vs. ND, 115 Ϯ 7 mol/mg protein per min), despite there being no serum UA elevation. However, with consideration that MCD-fed mice are malnourished with atrophic adipose tissue, UA production might be suppressed by a deficiency of source materials in the liver and adipocytes, the two major tissues producing UA. On the other hand, HFDT-fed mice with excessive nutrition and hypertrophic adipocytes would presumably release more UA than the ND-fed mice.
Although UA is reportedly capable of acting as a prooxidant like other reducing substances such as ascorbic acid, the reaction catalyzed by XO converting xanthine to UA requires oxygen (1) . XO is abundantly expressed in the liver and generates hydroxyperoxide when catalyzing substrates. Thus serum UA elevation is considered to accompany increased accumulation of oxidative stress generated by hepatic XO. In fact, 4-HNE or MDA produced by lipid peroxidation was found to be higher in mice given HFDT, but this elevation was normalized by febuxostat administration. In contrast, the expression levels of apoptosis-related genes such as FADD and Bim mRNAs did not significantly differ between the HFDT and ND groups (data not shown). It is considered that oxidative stress affects the membrane potential of mitochondria and triggers the release of cytochrome c into the cytosol, inducing apoptosis (6) . Therefore, we speculate the involvement of oxidative stress on the induction of hepatocyte apoptosis probably via the impaired mitochondrial function. Furthermore, accumulated oxidative stress reportedly leads to increased expressions of inflammatory cytokines, such as MCP-1 and IL-6, findings also observed in mice given HFDT and normalized by febuxostat. These findings may represent phenomena similar to those reported in the previous study showing the suppressive effect of febuxostat on lipopolysaccharide (LPS)-induced MCP-1 release from macrophages (20) , but further study is necessary to clarify this issue. The accumulation of oxidative stress and inflammatory cytokine expressions are also likely to be involved in, not only the inflammation and fibrosis occurring as a result of the "second hit," but also in lipid accumulation because continuous injection of LPS into rats reportedly results in fatty liver development (7). This study revealed that expressions of fatty acid oxidation-related genes such as ACOX and CYP4A14 are reduced by HFDT feeding and that these abnormalities were normalized by febuxostat administration. Because MCD diet feeding decreases the expressions of catalase and superoxide dismutase, oxidative stress also accumulates in the livers of mice given the MCD diet (4, 13, 16) although its generation mechanism is not related to either the XO activity or the UA concentration. Thus it is reasonable to speculate that this difference in the process of generating oxidative stress explains why febuxostat exerts no effect on MCD diet-induced NASH development. Finally, it should be noted that, besides the mechanism involving increased oxidative stress, an elevated UA concentration may itself also contribute to hepatic lipid accumulation because a previous report showed UA to promote triglyceride accumulation in hepatocytes by inhibiting AMP kinase (3).
In conclusion, to our knowledge, this is the first study clearly demonstrating that an XO inhibitor exerts a strong protective effect against NASH development, independently of the normalization of impaired glucose metabolism or obesity. Because the results obtained for the HFDT-fed NASH model are more clinically relevant than those of the MCD diet-fed model, our results raise the possibility of an XO inhibitor such as febuxostat as effective for the treatment of at least some human patients with NASH, perhaps those with borderline or high serum UA concentrations. Clinical trials will be required to test the therapeutic potential of XO inhibitors.
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